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I. INTRODUCTION AND SUMMARY 
L 

This program was originally conceived to investigate 
liquid phase sintering in graphite-metal composites during hot 
pressing at elevated (2800" - 3000°C) temperatures. The first 
year's studies(') revealed that a strong bond is obtained by 
formation, diffusion, and subsequent recrystallization of a 
carbide-carbon eutectic phase in selected composites. Flexural 
strengths of greater than 14,000 psi were exhibited by graphite 
systems containing niobium carbide or hafnium carbide at both 
temperature and 2000°C. 

1 

The purpose of this year's work is to extend the com- 
positional studies into "-'--- nLg;rirI - - t o 1  L i i c L a r  m n n t n n t c  bv..------ a-nd to fully 
characterize the properties of composites which exhibit the 
greatest potential for high temperature applications. The 
metal phases with which we are most concerned are niobium, 
tantalum, hafnium, zirconium, titanium, and molybdenum. Para- 
meters which are being investigated in these systems include 

ween processing and carbide-carbon eutectic temperatures. 
type and particle size of raw materials, and relationship bet- 

N 

During this period, compositional studies have in- 
cluded the effect of graphite source material on the properties 
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of Mo-C composites. Inves t iga t ions  of o t h e r  systems incorpo- 
r a t i n g  tungs ten ,  vanadium, hafnium, tantalum, niobium and 
zirconium as t h e  m e t a l  c o n s t i t u e n t  were conducted. S tudies  of 
t i m e -  temperature r e l a t i o n s h i p s  i n  processing have been i n i t i a -  
t e d .  Measurements of e l e c t r i c a l  r e s i s t i v i t y  have shown a 
d e f i n i t e  c o r r e l a t i o n  wi th  f l e x u r a l  s t r e n g t h .  

11. DISCUSSION 

A .  E f f e c t  of Graphi te  Source 

The following carbonaceous m a t e r i a l s  were examined t o  
determine t h e  e f f e c t  of type and shape of g raph i t e  source m a t e -  
r i a l  on d e n s i f i c a t i o n  and bonding. The powders ( a l l  of less 
than 44, p a r t i c l e  s i z e )  which were examined are: 

1. 

2. 

3 .  

4 .  

Calcined petroleum coke (CPC) - has been t h e  
g r a p h i t e  source in  p a s t  experiments. P a r t i c l e s  
are  f l a t  and p l a t e - l i k e  and of h igh  su r face  area. 

Calcined Gi l son i t e  coke (GC) - p a r t i c l e s  are 
s p h e r i c a l .  

Syn the t i c  r e s i n  coke (RC) - a h ighly  c r o s s  l i nked  
s t r u c t u r e  wi th  i r r e g u l a r l y  shaped p a r t i c l e s .  

Syn the t i c  g raph i t e  (BB) - an i n i t i a l  g r a p h i t i c  
s t r u c t u r e  ma te r i a l  w i th  p a r t i c l e s  of a shape 
s i m i l a r  t o  t h a t  f o r  CPC. 

These four  carbons were h o t  pressed  without a d d i t i v e s  
a t  3000°C under 3000 p s i .  
and f l e x u r a l  s t r e n g t h s  of t h e  va r ious  bodies .  Highest d e n s i t y  
w a s  exh ib i t ed  by CPC. The somewhat low d e n s i t y  of RC can be 
a t t r i b u t e d  t o  l i m i t e d  g r a p h i t i z a t i o n  and t h e  t r u e  dens i ty  of 
1 .52g/cc f o r  t h i s  material. Bonding w a s  q u i t e  poor f o r  a l l  
systems as seen by t h e  f l e x u r a l  s t r e n g t h s  of-1000 p s i .  The 
GC samples i n  p a r t i c u l a r  were q u i t e  f r a g i l e .  Microphotographs 

Data i n  Table I show the  d e n s i t i e s  
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of t h e  var ious  systems a r e  presented i n  F igure  1. 
a b l e  p o r o s i t y  i s  seen 

Consider- 
t o  e x i s t  i n  a l l  of t h e  bodies .  

Examination by x-ray d i f f r a c t i o n  techniques revealed 
t h a t  CPC and BB were w e l l  g raphi t ized  and h igh ly  ordered.  
GC sample showed a somewhat l e s s e r  degree of g r a p h i t i z a t i o n .  
The broadness of t h e  d i f f r a c t i o n  p a t t e r n  peaks and poor reso- 
l u t i o n  ind ica t ed  l i m i t e d  order ing i n  t h e  RC. This  i s  t o  be 
expected s i n c e  RC i s  a "glassy" carbon wi th  a h igh  degree of 
c r o s s  l i n k i n g  which prevents  easy g r a p h i t i z a t i o n .  

The 

Each of t h e  four  carbon sources  were mixed wi th  50wt% 
molybdenum and again processed a t  3000°C. 
Table I c l e a r l y  shows t h e  improved bonding a t t a i n a b l e  wi th  t h e  
formation of t h e  Mo2C-C eutectic (-2600°C) and subsequent re -  
c r y s t a l l i z a t i o n  of  t h e  l i q u i d  phase. Highest s t r e n g t h s  were 
exh ib i t ed  by t h e  CPC composition. The s p h e r i c a l  cokes,  i . e . ,  
GC and RC, achieved lower degree of bonding than "platy"  CPC 
and BB. 

The s t r e n g t h  d a t a  i n  

Micros t ruc tures  of the four  systems appear i n  Figure 
2 .  It i s  i n t e r e s t i n g  t o  note  t h e  r e l a t i v e  s i z e  of molybdenum 
ca rb ide  p a r t i c l e s .  The f i n e s t  s t r u c t u r e  and d i spe r s ion  a r e  i n  
t h e  RC and BB systems (Figures 2c and 2d) ,  suggest ing a more 
homogeneous d i s t r i b u t i o n  of t h e  carbide-carbon e u t e c t i c  phase. 
However, a r e l a t i v e l y  high degree of p o r o s i t y  e x i s t s  i n  the  RC 
system as seen i n  Figure 2c, and t h i s  may be t h e  reason f o r  
i t s  l i m i t e d  bonding. 

X-ray d i f f r a c t i o n  s tud ie s  showed t h a t  a l l  of t he  Mo- 
con ta in ing  systems were highly g raph i t i zed  and ordered. With 
t h e  a d d i t i o n  of molybdenum, t h e  r e s i n  coke system developed a 
we l l  def ined  order ing .  
t h e  fol lowing mechanisms. F i r s t  , t h e  molybdenum i n  forming 
t h e  c a r b i d e ,  would r e a c t  w i t h  t h e  more d isordered  carbon and 
permi t  easier g r a p h i t i z a t i o n  of t h e  less d isordered  m a t e r i a l .  

This  can be due t o  e i t h e r  o r  both of 
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Secondly, t h e  formation of  t h e  earbide-carbon e u t e c t i c  l i q u i d  
would permit g r e a t e r  d e n s i f i c a t i o n  and order ing .  

The experiments show t h a t  p l a t e - l i k e  carbon p a r t i c l e s  
are p r e f e r a b l e  f o r  a t t a i n i n g  good d e n s i f i c a t i o n  and bonding i n  
hot  pressed  meta l -graphi te  composites, Calcined petroleum 
coke i s  a good choice i n  t h i s  r e spec t ,  Liquid phase s i n t e r i n g  
i s  c l e a r l y  a v a i l a b l e  w i t h  t h e  addi t ion  of molybdenum, and 
g r a p h i t i z a t i o n  of  any carbon ma te r i a l  would appear f e a s i b l e  
through such m e t a l  add i t ion .  

B .  Compositional S tudies  

1. Nb-C 

The p o t e n t i a l  exhib i ted  by t h e  niobium system i n  t h e  
f i r s t  y e a r ' s  program (16,000 p s i  room temperature f l e x u r a l  
s t r e n g t h )  has made i t  a prime candidate  f o r  a d d i t i o n a l  s tudy.  
A s e r i e s  of compositions ranging up t o  84wt% niobium were pre- 
pared a t  3000°C and a pressure  of  3000 p s i ,  Property d a t a  a r e  
presented  i n  Table 11. 

A t  t h e  50 and 65wt% metal conten t  s t r e n g t h s  were d i s -  
sappoin t ing ly  low al though high d e n s i t i e s  were achieved. Even 
t h e  va lues  f o r  t h e  65wt% compositions were only one-half  of 
those a t t a i n e d  e a r l i e r  f o r  50wt% composites. The mierostruc-  
t u r e  shown i n  Figure 3 r evea l s  f a i r l y  l a r g e ,  o r i en ted  ca rb ide  
p a r t i c l e s .  A completely d i f f e r e n t  s t r u c t u r e  w a s  exh ib i t ed  by 
t h e  16,000 p s i ,  50wt% Nb samples (Figure 4 ) .  For t h e  s t ronge r  

sugges ts  mel t ing  and r e c r y s t a l l i z a t i o n .  
. m a t e r i a l ,  the  p a r t i c l e s  a r e  much smaller and t h e i r  shape 

A s  repor ted  i n  Report N o .  IITRI-G6003-F4, d i f f i c u l t i e s  
i n  pyrometry i n  t h e  f i r s t  y e a r ' s  program may have l ead  t o  pro- 
c e s s i n g  a t  h igher  temperatures than measured, and i t  i s  q u i t e  
p o s s i b l e  t h a t  ear l ier  high s t r eng ths  were a t t a i n e d  by exceeding 
t h e  nominal temperature of 3000°C t o  a c l o s e r  approach of t h e  
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NbC-C e u t e c t i c  temperature,  3250°C. I n  t h e  p re sen t  experiments , 
t he  3000°C processing temperature i s  adhered t o  more a c c u r a t e l y ,  
thus reducing ca rb ide  d i f f u s i o n  and l i m i t i n g  s t rong  bonding. 
Addit ional  niobium experiments w i l l  be conducted a t  a f ab r i ca -  
t i o n  temperature of 3100°C o r  poss ib ly  higher  t o  v e r i f y  t h e  
reasons f o r  t h e  high s t r eng ths  i n i t i a l l y  observed. 

A t  t h e  higher  m e t a l  con ten t s ,  f a i r l y  high s t r e n g t h s  
were achieved. These compositions r ep resen t  t h e  hypereutec t ic  
(80wt%) , e u t e c t i c  (81 3wt%) and hypoeutect ic  (84 Owt%) The 
ex i s t ence  of a g raph i t e  phase i s  ev ident  i n  mic ros t ruc tu ra l  
examination as shown i n  Figure 5 ,  i n d i c a t i n g  t h a t  carbide-  
carbon e u t e c t i c  formation was q u i t e  l i m i t e d ,  

For materials prepared by arc mel t ing  and c a s t i n g  
techniques i n  the  zirconium and t i t an ium systems, high s t r e n g t h s  
have been shown i n  t h e  range of compositions from t h e  pure 
ca rb ide  t o  carb ide-graphi te ,  with a r ap id  drop-off i n  t h e  
hypereutec t ic  ( o r  h igher  graphi te  conten t )  reg ion .  g 2 )  For 
t h e  T i - C  system, t h i s  s t eep  l o s s  i n  room temperature f l e x u r a l  
s t r e n g t h  occurred wi th in  a range of perhaps 2 w t %  going from 
30,000 (75.5wt% T i )  t o  10,000 p s i  (73.5wt% T i ) .  Our work wi th  
hot  pressed  composites i n  the  niobium system suggests  no such 
r ap id  drop-off i n  s t r e n g t h  with inc reas ing  g raph i t e  con ten t ,  as 
i n d i c a t e d  by a room temperature s t r e n g t h  of 16,000 p s i  a t  50wt% 
niobium. The severe l o s s  i n  s t r e n g t h  i n  the hypereutec t ic  
region f o r  arc c a s t  materials may be due t o  t h e  growth of long 
g r a p h i t e  p l a t e l e t s  which can a c t  as flaws. 

A t  2000°C s l i g h t l y  higher s t r e n g t h s  were exh ib i t ed  by 
a l l  specimens. This i s  somewhat s u r p r i s i n g  f o r  t h e  >80wt% eom- 
p o s i t i o n s  s i n c e  t h e  dominant phase a s  seen from the  photomicro- 
graphs (Figure 5) i s  t h e  carbide which by i t s e l f  would show 
a much lower s t r eng th (3 )  a t  2000°C. A poss ib l e  explanat ion i s  
t h a t  a t  room temperature ,  t e n s i l e  fo rces  p r e v a i l  i n  the  ca rb ide  
phase ,  brought on by d i f f e rence  i n  thermal expansion on f a b r i -  
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c a t i o n  cool ing ,  However, these de t r imen ta l  fo rces  tend t o  
disappear  as the  m a t e r i a l  i s  heated s o  t h a t  a t  2000°C, a body 
which i s  r e l a t i v e l y  s t r e s s  f r ee  e x i s t s .  

The high s t r e n g t h s  exhib i ted  by t h e s e  composites a t  
2000°C i s  indeed promising, Tests  a t  even h igher  temperatures 
(2500 - 2800°C) w i l l  be conducted t o  determine t h e i r  usefu lness  
f o r  environmental condi t ions  which these  meta l -graphi te  bodies 
may encounter i n  a c t u a l  app l i ca t ion  

@. Other Systems 

Other m e t a l  add i t ions  which have been inves t iga t ed  
dur ing  t h i s  per iod are tungsten vanadium, hafnium, tantalum, 
and zirconium. Data f o r  these cornpositions appear i n  Table 111, 
Tungsten (Group VI-A) and vanadium (Group V-A) are two m a t e -  
r i a l s  which h i t h e r t o  had not  been s tud ied ;  50wt% compositions 
of each have been included fo r  examination a s  type eornparisons, 
Exce l len t  s t r eng ths  w e r e  exhib i ted  by t h e  tungsten composites, 
Examination of  t he  micros t ruc ture  (Figure 6) shows a f i n e  d i s -  
pe r s ion  o f  ca rb ide ,  The rounded shape of t h e s e  p a r t i c l e s  
suggests  t h a t  mel t ing  and r e c r y s t a l l i z a t i o n  had occurred as 
would be expected from the low mel t ing  po in t  (2776°C) of We. 
I n  t h e  with-grain d i r e c t i o n ,  s t r e n g t h  a t  2000°C was v i r t u a l l y  
t h e  same while c reep  w a s  exhib i ted  i n  t h e  across-gra in  d i r e c t i o n ,  

During t h e  processing of the  vanadium composition, 
ml, - gross  ex t rus ion  of m e t a l  around t h e  punches w a s  observed, L U L S  

i s  probably due t o  t h e  f a c t  t h a t  t h e  processing temperature of 
3000°C w a s  350°C higher  than t h e  melt ing po in t  of VC (2650°C) 
t hus  y i e l d i n g  a ve ry  mobile system, Dens i t i e s  and s t r e n g t h s  
w e r e  r e l a t i v e l y  low. However, t he  mic ros t ruc tu re  (Figure 7) 
does not  show t h e  ex tens ive  poros i ty  suggested by t h e  - % theo- 
r e t i c a l  dens i ty  va lue  shown in  Table TI1, and the  low d e n s i t y  
i s  probably due t o  an a c t u a l  lower metal  conten t  i n  the  f i n i s h e d  
b i l l e t  than i n i t i a l l y  incorporated.  Again, mel t ing  and 
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r e c r y s t a l l i z a t i o n  i s  suggested by the  s i z e  and shape of t h e  
carb ide  phase. For both the  tungsten and vanadium systems, a 
lower processing temperature i s  needed f o r  ob ta in ing  composites 
of optimum p r o p e r t i e s  

Increased metal  content t o  65wt% hafnium produced a 
very dense system. However, the b i l l e t  i t s e l f  exh ib i t ed  a 
dense outer  border with a somewhat porous c e n t e r ,  Although 
t h i s  d i d  no t  show up i n  dens i ty  measurements, s t r e n g t h  mea- 
surements showed t h a t  t he  edges were c l e a r l y  s t ronger  than the  
c e n t e r .  The micros t ruc ture  i n  F igure  8 r evea l s  o r i e n t a t i o n  of 
carb ide  g ra ins ;  a c t u a l  mel t ing t o  any ex ten t  i s  doub t fu l ,  A 
s l i g h t  increase  i n  s t r e n g t h  was ev ident  a t  2000-Cd 

Composites f o r  t he  tantalum system were prepared using 
tantalum metal i n s t e a d  of t h e  ca rb ide  used i n  ear l ier  s t u d i e s ,  
It w a s  f e l t  t h a t  i n  forming the ca rb ide ,  the  m e t a l  might form 
a b e t t e r  bond wi th  t h e  graphi te  ma t r ix ,  However, t h e  r e s u l t s  
a t  both the  50 and 65wt% m e t a l  l e v e l s  i n d i c a t e  poor bonding and 
it  i s  doubt fu l  i f  any d i f f u s i o n  of  ca rb ide  o r  carb ide-graphi te  
has occurred. A t  t h i s  processing temperature ,  no d i f f e r e n c e  i s  
ev ident  us ing  e i t h e r  t h e  metal o r  t he  ca rb ide  as a r a w  c o n s t i -  
t u e n t .  
i n  s i z e  are  seen i n  the  50wt% T a  bodies (Figure 9 ) ;  t he  65wtX 
composite i s  q u i t e  similar i n  appearance. Recent work has 
e s t a b l i s h e d  t h e  TaC-C e u t e c t i c  t o  be 3445+50"e(4); s i m i l a r  t o  
the  niobium system, a h igher  processing temperarure i s  required,  
Areas which r e q u i r e  f u r t h e r  i nves t iga t ion  a r e  t e rna ry  systems 
such as Ta-Hf-C which has  a lower melt ing p o i n t  than t h e  Ta-C 
system. 

F a i r l y  high p o r o s i t y  and ea rb ide  g r a i n s  undiminished 

The zirconium system exh ib i t ed  only l i m i t e d  bonding 
and d e n s i f i c a t i o n  i n  t h e  f i r s t  y e a r ' s  program (-5000 p s i ) .  
However, t h e  ZrC-C e u t e c t i c  temperature of 2850°C would make 
i t  seem i d e a l  f o r  l i q u i d  phase s i n t e r i n g  a t  processing temper- 
a t u r e s  of 2800" o r  3000°C, and thus  new composites conta in ing  
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50wt% and 80.7wt% Z r  ( e u t e c t i c )  were ho t  pressed a t  2800°C. 
A s  t h e  r e s u l t s  show, d e n s i f i c a t i o n  and bonding were consider-  
ab ly  higher  f o r  t he  present  50wt% Z r  experiment showing t h a t  
t h e  e a r l i e r  s t r e n g t h  va lues  of-5000 p s i  were anomalously low. 
Figure 10 shows t h e  carb ide  g ra ins  t o  be somewhat o r i en ted  
wi th  l i t t l e  evidence of any extensive melt ing.  

F l exura l  s t r e n g t h  of  the  e u t e c t i c  (80.7wt% Zr) com- 
p o s i t i o n  were somewhat low (17,000 p s i )  compared t o  t h e  l i t e r -  
a t u r e  va lue  of  20,000 p s i .  (3) However, l i k e  t h e  e u t e c t i c  
composition of NbC-C, an increase  i n  s t r e n g t h  t o  22,000 p s i  
e x i s t s  a t  2000°C. This  increase may be a t t r i b u t e d  t o  t h e  
reasons advanced f o r  t h e  niobium composites,  i . e .  , stress 
r e l i e f  a t  2000°C. The micros t ruc ture  (Figure 11) shows f r e e  
g raph i t e .  Carbide-carbon so lu t ion  t o  y i e l d  t h e  e u t e c t i c  s t r u c -  
t u r e  appears l imi t ed .  

The compressive s t r eng th  of a r e  c a s t  zirconium-graphite 
e u t e c t i c  composition a t  2000°C i s  more than 80% lower than a t  

Our h o t  pressed  bodies of e u t e c t i c  composition show a f l e x u r a l  
s t r e n g t h  of 20,000 p s i  a t  2000°C whereas t h e  compressive 
s t r e n g t h  (which f o r  g r a p h i t e  i s  about 2 t i m e s  t h e  f l e x u r a l  
s t r e n g t h )  of arc cast  composites i s  10,000 p s i  a t  2000°C. 
Thus, a 2000°C s t r e n g t h  r a t i o  of 4 : l  i s  ind ica t ed  f o r  ho t  
pressed  composites a s  compared t o  those  prepared by arc mel t ing  
and c a s t i n g .  A s  Fn t h e  niobium system, t h e  high streiigth f o r  
a 50wt% Z r  body (13,000 p s i )  suggest more of a l i n e a r  r e l a t i o n -  
sh ip  of s t r e n g t h  t o  g r a p h i t e  con ten t ,  and a d r a s t i c  l o s s  i n  
p r o p e r t i e s  a t  t h e  hypereutec t ic  composition i s  not  expected, 

room temperature;  t h a t  of a hypereutec t ic  i s  -60% lower. (2) 

The zirconium bodies  processed a t  3000°C were of low 
d e n s i t y  and exh ib i t ed  poor bonding, The d a t a  f o r  these  bodies 
(50wt% and 65wt%) i s  s i m i l a r  t o  t h a t  obtained i n  t h e  e a r l i e r  
program. Considerable ex t rus ion  of metal  w a s  observed t o  have 
occurred i n  examination of the molds. The importance of 
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processing a t  temperatures which do n o t  exceed t h e  carbide-  
carbon e u t e c t i c  by a g r e a t  amount, has been evidenced by t h e  
zirconium experiments i n  which processing below t h e  Z r C - C  
e u t e c t i c  (2850°C) produced dense, s t rong  bodies ,  whereas loss  
of m e t a l  and poor bonding r e s u l t e d  from f a b r i c a t i o n  a t  3000°C. 
This condi t ion  w a s  a l s o  observed f o r  t he  vanadium system. 
However, r e s u l t s  f o r  t h e  Group VI-A meta l s ,  tungs ten ,  and molyb- 
denum, d i d  not  appear t o  show any s t rong  d e l e t e r i o u s  e f f e c t s  
on s t r e n g t h , o f  processing a t  3000°C which i s  higher  than t h e  
mel t ing  p o i n t s  of WC (2785'C) o r  Mo2C (2600°C). 

D .  R e s i s t i v i t y  vs S t r eng th  

Knudsen (5)  has given t h e  explanat ion of  t h e  exponen- 
t i a l  r e l a t i o n s h i p  between mechanical s t r e n g t h  and p o r o s i t y  i n  
ceramic materials,  which had been e s t ab l i shed  on a semi-empirical 
base e a r l i e r  by Ryshkewitch('), by showing t h a t  t h e  e f f e c t i v e  
contac t  a r ea  f o r  any spa t i a l  arrangement of sphere l i k e  
p a r t i c l e s  i s  a logar i thmic  funct ion of t h e  p o r o s i t y .  The poro- 
s i t y  range wi th in  which t h i s  r e l a t i o n  holds  t r u e  depends on 
t h e  packing s t r u c t u r e  and extends from 0 t o  about 40% p o r o s i t y  
f o r  a c l o s e  packed cubic  arrangement. Since t h e  s t r e n g t h  of 
a porous material i s  a l i nea r  func t ion  of  t h e  e f f e c t i v e  c r o s s  
s e c t i o n ,  i t  follows t h a t  t h e  s t r e n g t h  a l s o  i s  a logari thmic 
func t ion  of p o r o s i t y .  
by Rubin (7) t h a t  t h e  e l e c t r i c a l  r e s i s t i v i t y  of ceramic m a t e r i a l s  
i s  an exponent ia l  func t ion  of t h e  p o r o s i t y  f o r  t he  same reason 
as i n  t h e  above case. Thus, both s t r e n g t h  and r e s i s t i v i t y  a r e  
l i n e a r  func t ions  of t h e  e f f e c t i v e  cross s e c t i o n  of a porous 
mater ia l  which i t s e l f  i s  a logari thmic func t ion  of t h e  po ros i ty .  
One would, t h e r e f o r e ,  expect a l i n e a r  r e l a t i o n s h i p  between 
s t r e n g t h  and e l e c t r i c a l  r e s i s t i v i t y  i n  s i n g l e  phase,  ceramic 
m a t e r i a l s .  This  r e l a t i o n s h i p  would no longer  e x p l i c i t l y  conta in  
t h e  poros i ty ,and  s t r e n g t h  should be p r e d i c t a b l e  from measure- 
ments of e l e c t r i c a l  r e s i s t i v i t y  independent of po ros i ty .  

It has a l s o  been v e r i f i e d  experimental ly  
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A l i n e a r  s t r e n g t h  - r e s i s t i v i t y  r e l a t i o n s h i p  has  been 
found t o  hold t r u e  f o r  metal  carb ide-graphi te  composite mate- 
r ia ls  hot  pressed  i n  t h i s  labora tory ,  as shown i n  F igures  1 2  - 
16.  The s t r e n g t h  measurements have been d iscussed  i n  e a r l i e r  
r e p o r t s .  The e l e c t r i c a l  r e s i s t i v i t y  measurements have been 
done by a four- terminal  method. Sample b a r s ,  0.4 e m  c r o s s  
s e c t i o n  [(&") 3 and about 5 c m  (2") long ,  were used. Si lver  
e l ec t rodes  w e r e  appl ied  a t  both ends and a cons tan t  c u r r e n t  of 
lOmA w a s  passed through each sample by r egu la t ing  t h e  resis- 
tance i n  s e r i e s  w i th  a b a t t e r y .  The p o t e n t i a l  drop i n  t h e  
d i r e c t i o n  of t h e  c u r r e n t  and near t h e  c e n t e r  p o r t i o n  of  t h e  
sample w a s  measured seve ra l  t imes,  i , e ,  , with a two con tac t  
vo l t age  probe,  ( t h e  d i s t a n c e  between t h e  con tac t s  being 1 cm) 
and a H e w l e t t  Packard 425A-type microvol t  meter.  Values f o r  
a t  least  two of  t h e  four  plane su r faces  were averaged. The 
r e s u l t s  are p l o t t e d  i n  f i g u r e s  1 2  through 16. The l i n e a r  
r e l a t i o n s h i p  between conduct iv i ty  and s t r e n g t h  holds  f a i r l y  
w e l l  f o r  t h e  systems inves t iga t ed .  It appears then t h a t  t he  
h ighes t  p o s s i b l e  s t r e n g t h  obta inable  i n  a p a r t i c u l a r  composite 
system can be c a l c u l a t e d  from r e s i s t i v i t y  and s t r e n g t h  measure- 
ments on two compositions,  knowing t h e  r e s i s t i v i t y  of t he  pure 
ca rb ide .  In  t h i s  approach only the  mechanically s t ronge r  phase,  
which i s  a l s o  t h e  e l e c t r i c a l l y  b e t t e r  conducting phase , w a s  
considered and t h e  g r a p h i t e  phase toge ther  w i th  phys ica l  vo ids  
 ere t r e a t e d  as p o r o s i t y .  The s lope  of t h e  conduct iv i ty-  
s t r e n g t h  r e l a t i o n s h i p ,  which i s  c l o s e  t o  0 , 5  f o r  t he  systems 
s t u d i e d ,  i s  considered t o  provide a s e n s i t i v e  measure of t h e  
s t r eng then ing  mechanism i n  these composite systems and should 
r e f l e c t  t h e  e f f e c t  of  processing condi t ions  on t h e  micros t ruc ture .  
I n  o rde r  t o  check t h i s  hypothesis ,  reduced coord ina tes  w i l l  be 
used and q u a n t i t a t i v e  metallographic examinations w i l l  be 
conducted. 

2 
2 
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E .  Time-Temperature Relat ionships  i n  Process ing  

Experiments have been performed t o  determine t h e  
e f f e c t  of soak time a t  temperature on t h e  p r o p e r t i e s  of molyb- 
denum-graphite composites. Two process ing  temperatures ,  2800" 
and 3000"C, and two soak t i m e s ,  0 and 1 hours ,  were introduced 
as v a r i a b l e s  f o r  50wt% Mo compositions. The r e s u l t s  are sum- 
marized i n  Table I V .  

The e f f e c t s  of  a one-hour soak,  a r e  as follows: 

1. No s i g n i f i c a n t  change i n  room temperature s t r e n g t h  
i s  apparent .  

2 .  D e n s i t i e s  are somewhat lower a f t e r  a one-hour soak. 
This  may be due t o  l o s s  of m e t a l ,  r e s u l t i n g  i n  com- 
p o s i t e s  of  <50wt% Mo. 

3. Anisotropy increases  a f t e r  a one-hour soak, r evea l ing  
a h igher  degree of order ing.  

The h ighe r  processing temperature ,  i . e . ,  3000" vs 
2800"C, r e s u l t e d  i n  bodies of lower d e n s i t i e s  and s t r e n g t h .  
This  i s  probably due t o  g r e a t e r  l o s s  o f  m e t a l ,  an e f f e c t  a l s o  
seen a f t e r  a one-hour soak as l i s t e d  above. 

A l l  samples exhib i ted  s t r e n g t h  l o s s e s  a t  2000°C i n  
t h e  W/G d i r e c t i o n  and creep i n  t he  A/G d i r e c t i o n .  There does 
appear t o  be a d e f i n i t e  c o r r e l a t i o n  between t h i s  loss i n  
s t r e n g t h  and "voth processing temFerature and time of soak. 
shown i n  Table I V Y  r e t e n t i o n  of s t r e n g t h  was b e t t e r  f o r  samples 
which had been soaked, and a l s o  f o r  those f a b r i c a t e d  a t  t h e  
h ighe r  (30OO0C) temperature.  Again, t h e  reason may be m e t a l  
l o s s  s i n c e  e a r l i e r  work had shown t h a t  composites incorpora t ing  
lesser amounts of Mo showed higher s t r e n g t h s  a t  2000°C than a t  
room temperatures ,  e . g . ,  30wt% Mo had a room temperature va lue  
of 8060 p s i  and a 2000°C value of 9250 p s i .  Mic ros t ruc tu ra l  
examination and q u a n t i t a t i v e  a n a l y s i s  f o r  m e t a l  conten t  w i l l  
be conducted t o  ob ta in  a c l e a r e r  a n a l y s i s  of t hese  e f f e c t s .  

A s  
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111. CONCLUSIONS AND FUTURE WORK 

Compositional studies in graphite-metal systems have 
included examination of graphite source and extension of metal 
contents up to the eutectic composition, The most significant 
outcomes of the present work are as follows: 

1. The use of flat, platy particles as opposed to 
spherical cokes yields better bonding in graphite- 
metal composites. Calcined petroleum coke appears 
to be a good graphite source for obtaining good den- 
sif ication and bonding. 

2. In the Nb-C system, room temperature flexural 
strengths of greater than 20,000 psi and an increase 
in strength at 2000°C can be expected for compositions 
in the eutectic range (80-84wt% Nb). The present 
experiments also indicate that a higher processing 
temperature more closely approaching the NbC-C 
eutectic temperature of 3250°C is necessary for 
achieving optimum properties. 

3 .  Present work in the zirconium system shows that room 
temperature strengths in excess of 13,000 psi can be 
realized at 50wt% Zr. This is in contrast to the 
5,000 psi strength indicated in the first year's 
program. Furthermore, a s i g n i f i c a n t  h e r e a s s  in 
strength (18,000 psi) at 2000°C exists for this 
system. 

4. The processing temperature should not exceed the 
carbide-carbon eutectic temperature by more than 
about 50"C, if significant loss of metal is to be 
avoided. This l o s s  of metal will not only produce 
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bodies of lower metal content and hence lower 
strengths , but can also result in metal segregation 
and gross porosity which will affect bonding delete- 
riously * 

Studies of the ZrC-C eutectic composition (80.7wt% Zr) 
show that hot-pressed bodies are much stronger at 2000°C than 
recently developed arc melted and east composites of similar 
composition. The latter exhibit a significant loss  in compres- 
sive strength to 10,000 psi at 2000°C(2) whereas a flexural 
strength of >20,000 psi exists for our specimens, Furthermore, 
hot-pressed composites of higher graphite content are consider- 
ably stronger than their arc east counterparts. 

Experiments have also shown a direct, linear relation- 
ship between flexural strength and electrical conductivity. 
This relationship appears to be independent of porosity, com- 
position, or fabrication temperature. Thus, the strength is 
directly relatable to particle-to-particle contact of the car- 
bide and/or carbide-carbon eutectic phase, 

Future work will involve continuation of compositional 
studies investigating the following parameters: 

1. Eutectic (carbide-carbon) vs processing temperature, 
r) T i m - t e ~ p e r a t u r e  r e l a t ionsh ips  in processing 
L .  

3 .  Effect of incorporating different metal sources such 
as metal fibers, oxides, and soluble salts. 

In addition, high temperature (>2500"C) measurements 
of physical properties such as compressive creep will be con- 
ducted for selected compositions. Also, room temperature 
stress-strain relationships will be determined. 
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TABLE I 
EFFECT OF GRAPHITE SOURCE MATERIAL 

ON DENSIFICATION AND BONDING 

No Addi t ives  50 w t %  Mo Addit ion 
F lexura l  F l exura l  

Densi ty ,  S t r eng th ,  Densi ty ,  Theore t i ca l  S t r eng th ,  
Carbon d c c  p s i *  d c c  Densi ty ,  % ps i*  

CPC 1.95 1420 2,88 73.5 13 , 130 
GC 1.74 560 2,73 69.6 7660 

RC 1.41 1000 2.99 71,l 7570 

BB 1.78 1140 2.69 68.6 9550 

NOTE: A l l  samples processed a t  3000°C - 3000 p s i  
I n  W/G d i r e c t i o n  

TABLE 11 
PROPERTIES OF N b - C  COMPOSITES 

Niobium Addi t ive  Density , Theore t i ca l  F l exura l  S t r eng th  ps i*  
W t %  A t %  d c c  Density,  % Room Temp, 2060°C 

~ 

50 11.4 3.51 92.9 6 100 9100 

65 19.4 4.44 93.8 8070 10 , 800 
1 -  n i n  65 19.4 4.45 93.9 8380 I L , O I U  

80 34.1 6.10 96,4 19,130 21,700 

81.3 36.4 6,30 96,5 24 190 25,270 

84-0 40.6 6.61 94.8 23,200 >24 700 

NOTE: A l l  samples processed a t  3000°C - 3000 p s i  * I n  W/G d i r e c t i o n  
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(a) CPC 

FIG. 1 - MICROSTRUCTURE OF HOT PRESSED GRAPHITE BODIES 
USING DIFFERENT CARBON SOURCES (320X) 
(a) Calcined Petro leum Coke 
(b) Calcined Gi l son i t e  Coke 
(c) Synthe t ic  Resin Coke 
(d) Synthe t ic  Graphite 
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(a) 50 wt% Mo-C (CPC) (b) 50 wt% Mo-C (GC) 

\ 

(c) 50 wt% Mo-C (RC) (d) 50 wt% Mo-C (BB) 

FIG. 2 - MICROSTRUCTURE OF 50 WT% Mo-GRAPHITE COMPOSITES 
INCORPORATING DIFFERENT CARBON SOURCES (320X) 
(a) Calcined Petroleum Coke 
(b) Calcined Gilsonite Coke 
(c) Synthetic Resin Coke 
(d) Synthetic Graphite 
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FIG. 3 - MICROSTRUCTURE OF 65 WT% Nb-GRAPHITE 
PRESSED AT 3000°C (320X) 

FIG. 4 - MICROSTRUCTURE OF A HIGH STRENGTH (16,000 psi) 
50 WT% Nb-GRAPHITE COMPOSITE (320X) 
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(a) 
80.0 wt% Nb 

(b) 
81.3 wt% Nb 

FIG. 5 - MICROSTRUCTURE OF EUTECTIC RANGE Nb-GRAPHITE 
COMPOSITIONS PRESSED AT 30OO0C (320X) 
(a) Hypereutectic Composition 
(b) Eutectic Composition 
(c) Hypoeutectic Composition 

(4 
84.0 wt% Nb 
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FIG. 6 - MICROSTRUCTURE OF 50 WT% W-GRAPHITE 
PRESSED AT 3000°C (320X) 
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FIG. 7 - MICROSTRUCTURE OF 50 WT% V-GRAPHITE 
PRESSED AT 3000°C (320X) 



F I G .  8 - MICROSTRUCTURE O F  65 WT% Hf-GRAPHITE 
PRESSED AT 3 0 0 0 ° C  ( 3 2 0 X )  

F I G .  9 - MICROSTRUCTURE OF 50 WT% Ta-GRAPHITE 
PRESSED AT 3 0 0 0 ° C  (320X) 
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F I G .  10 - MICROSTRUCTURE OF 50 WT% Zr-GRAPHITE 
PRESSED AT 3 0 0 0 ° C  ( 3 2 0 X )  

F I G .  11 - MICROSTRUCTURE OF 80.7 WT% Zr-GRAPHITE 
PRESSED AT 2800°C ( 3 2 0 X )  
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FIGURE 13: ELECTRICAL CONDUCTIVITY AS A 
FUNCTION OF FLEXURAL STRENGTH FOR 
HAFNIUM-GRAPHITE COMPOSITES 
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FIGURE 14: ELECTRICAL CONDUCTIVITY AS A 
FUNCTION OF FLEXURAL STRENGTH FOR 
ZIRCONIUM-GRAPHITE COMPOSITES 
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F I G U R E  15: ELECTRICAL CONDUCTIVITY AS A 
FUNCTION O F  FLEXURAL STRENGTH 

COMPOSITES 
F O R  MOLYBDENUM-GRAPHITE 
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F I G U R E  16: ELECTRICAL CONDUCTIVITY AS A 
FUNCTION O F  FLEXURAL STRENGTH 
FOR GRAPHITE B O D I E S  
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